New accurate values of the imaginary part, k, of the refractive index of water at T = 22 C, supercooled water at T = -8 C and polycrystalline ice at T = -25 0C are reported. The k spectrum for water in the spectral region 0.65-2.5 pLm is found to be in excellent agreement with those of previous studies. The k values for polycrystalline ice in the 1.44-2.50-ptm region eliminate the large uncertainties existing among previously published conflicting sets of data. The imaginary part of refractive index of supercooled water shows a systematic shift of absorption peaks toward the longer wavelengths compared with that of water at warmer temperatures.
Introduction
Refractive indices of water and ice play a special role in the field of atmospheric science. They must be known if the radiative properties of clouds and haze are to be determined. It has been recognized that the cloud feedback mechanism is one of the most important and least understood climate mechanisms'-5 that may significantly modify currently predicted warming68 resulting from the increase of atmospheric greenhouse gases. An accurate calculation of the cloud radiative parameters is not possible without a precise knowledge of the refractive indices of water and ice in the spectral range of solar (0.25-4.0-pm) and terrestrial (3-150-pm) radiation.
Refractive indices used most frequently in atmospheric applications are those listed in the Hale and Querry 9 compilation of the refractive indices of water and in Warren's 0 compilation of indices of refraction of ice. A major effort was devoted to the determination and parameterization of the cloud radiative properties with an error not larger than a few percent. At the same time it was assumed that the refractive indices of such common materials as water and ice are known with a high degree of accuracy. Those who not only use the tables but also study carefully the analysis given in the text of the above-mentioned compilations are well aware that this is not true. The uncertainty in the imaginary part of the refractive index (which determines the absorption of radiation) is significant especially in the case of ice,' 0 where it can reach as high as 100% in some spectral regions.
One of the regions of large uncertainty is in the near-infrared part of the solar spectrum. Warren's 0 compilation of the refractive indices of ice is based in this range on measurements done in the early-and mid-1950's"" 2 on ice in the temperature range -30° to -78 0 C. The estimated uncertainty' 0 of the compilation in this region is a factor of 2.
To reduce the uncertainty in the imaginary part k of the refractive index of ice in the near-infrared region, we have performed new accurate measurements in the 1.45-2.5-pim spectral region. Although our primary goal was to obtain new accurate values of k for ice, we have also measured k for water. The latter measurement was made to test the experimental equipment (k for water is known with a must higher accuracy than that of ice) and procedures.
The measured k values for water differ by as much as 15% from those listed by Hale and Querry 9 ; however, they are in good agreement with those obtained by Palmer and Williams 3 and Downing and Williams.' 4 We present new measurements of k for supercooled water at -8 C. Obtained refractive indices (imaginary parts) of ice differ as much as 22% from those listed by Warren.' 0 This paper is divided into four parts. In Section 2 we describe the experimental setup and discuss the procedure used to measure k for water and ice. In Section 3 we present new results for water and ice, and Section 4 provides a discussion of the results and suggestions for future work.
Experimental Setup and Procedures
The transmission measurements through water and ice were carried out with a Bomem DA3.02 Fouriertransform infrared spectrometer at a spectral resolution of 16 cm-'. The instrument has an absolute wavelength calibration. During the course of the measurements, no adjustment of the light intensity was necessary for 100% transmission to be obtained in the spectral regions where the absorption is negligible.
We derived the Lambert absorption coefficient, a, of freshly distilled filtered water, using the ratio of transmittances obtained with different absorption path lengths. In this way, reflection losses occurring at the air-window and window-water interface and absorption losses caused by the windows of the absorption cell were exactly canceled out. Optical path lengths d in water ranging from 100 ALm to 20 cm were selected in such a way that a could be determined from transmittance values varying from 20% to 60%.
Measurements of a of supercooled water and polycrystalline ice were taken in a temperature-controlled cryostat with sample temperatures ranging from +22 C to -40 C. For the case of ice and supercooled water, at a given path length oa was calculated by using the ratio of the transmittance taken below 0 C temperature to that at 22 C. Using our previous measurements of absorption coefficient of water at 22 C, we determined the absorption coefficient at subzero temperature. Using this method, we found that reflection and absorption losses caused by the cell windows were eliminated. Optical path lengths varying between 100 pum and 2 cm were used for supercooled water, while those for ice were between 116 and 269 Rm. We utilized the following procedure for the formation of ice sample. A droplet of water was placed between two optical windows in such a way that the droplet was free to expand during cooling in the direction normal to the thickness of the sample. Using the above procedure, we found that the water thickness was nearly the same as that of ice.
We obtained an a spectrum by calculating the average spectrum of a set of as many as 20 a spectra collected under the same experimental conditions. The corresponding error can be evaluated by using the standard deviation of the same set of a spectra and the uncertainty in the path length. Water Ice Water Ice 
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The results of the Kou-Labrie-Chylek (KLC) measurements for the case of water at 22 C are shown in Fig. 1 . We determined the imaginary part of the refractive index, k, from the absorption coefficient a, using the relationship k = Xa/47r. We checked the results for internal consistency by comparing the k spectra obtained with different d values (different path length). When the transmittance values were in the range 15% to 80%, excellent agreement was found among spectra obtained with several different d values. Figure 1 (a) also shows the k spectrum obtained from the data of Palmer and Williams 3 (PW) and Downing and Williams' 4 (DW). To within PW and DW uncertainties, good agreement is found between the two spectra. Figure 1(b) shows the error of our measurements, which was calculated by using the standard deviation of the data and the uncertainty in the path length, d. The error spectrum typically varies between 1% and 2%, with some excursions above 3%. The error increases dramatically below 0. The k spectrum of supercooled water taken at an average temperature of -8 0 C is shown in Fig. 2 . The water temperature in the 2-cm-long cell was -4 C. To our knowledge, this is the first reported measurement of the absorption coefficient of supercooled water. The k spectrum is similar to that of water; the main difference is that the k bands of supercooled water are shifted toward longer wavelengths than those of water measured at T = 22 C. The k error spectrum, which varies in amplitude from 1% to 8%, is shown in Fig. 2(b) .
The k spectrum of ice in the spectral range from 1.45 to 2.5 Vlm is also shown in Fig. 2(a) . The k spectrum for ice exhibits absorption bands that are shifted toward longer wavelengths and have different strengths from those in the spectrum of water. Figure 3(a) shows a direct comparison between our measurement (KLC) of the ice spectrum and the spectrum obtained from Warren's 0 compilation. Good agreement is observed between the spectra. 8.06 x 10-6 1. 8 7.53 x 10-6 1. 3 7.07 x 10-6 2.0 6.43 x 10-6 1. 6 5.68 x 10-6 1. 4 4.97 x 10-6 1. 7 4.30 x 10-6 2. 6 3.67 x 10-6 1. 6 3.20 x 10-6 2. 6 2.84 x 10-6 1.9 2.58 x 10-6 2. 6 2.38 x 10-6 2.5 2.28 x 10-6 2. 6940  6960  6980  7000  7020  7040  7060  7080  7100  7120  7140  7160  7180  7200  7220  7240  7260  7280  7300  7320  7340  7360  7380  7400  7420  7440  7460  7480  7500  7520  7540  7560  7580  7600  7620  7640  7660  7680  7700  7720  7740  7760  7780  7800  7820  7840  7860  7880  7900  7920  7940  7960  7980  8000  8020  8040 1.12 x 10-5 1.13 x 10-5 1.14 x 10-5 1.14 x 10-5 2.70 x 10-6 0. 6 2.75 x 10-6 0.9 2.84 x 10-6 0. 6 2.92 x 10-6 0. 6 2.95 x 10-6 0.9 3.05 x 10-6 0. 4 3.11 x 10-6 0. It seems that Warren's 0 estimate of an error as high as a factor of 2 was too pessimistic. The largest deviation between Warren's compilation and our measurements is 22%, around a wavelength of 1.85 jim. The error k spectrum shown in Fig. 3(b) indicates that the error is largest in the 1.8-1.9-jim range, where the transmission is correspondingly high. The KLC data of k and error, which are shown in Figs. 1-3 , are listed with wave-number intervals of 20 cm-' in Tables 1 and 2 .
Discussion
Good agreement between KLC data and data obtained by Palmer and Williams 3 and Downing and Williams 4 confirms the validity of the experimental techniques used in this study. The high quality of KLC data is also reflected in the very low standard deviation (typically 1-2%) presented in Fig. 1(b) . For the first time to our knowledge, reported k spectrum of supercooled water at T = -8 C is similar to that of water at T = +22 0 C. The deviations are generally within 10% in the 1.0-2.5-jim spectral range. The absorption peaks of supercooled water are shifted slightly toward the longer wavelengths.
New accurate measurements of the imaginary part of the refractive index of polycrystalline ice taken at T = -25 C and in the spectral range 1.44-2.5 jim are in surprisingly good agreement with Warren's 0 compilation, who has estimated an uncertainty of a factor 2 in k values for this spectral range. In his compilation, Warren used data collected by Ockman 2 on 102-jim-thick polycrystalline ice at T = -29 CC and by Reding" on 250-jm-thick polycrystalline ice taken at T = -78 C. Reding's data are uncertain because they were corrected for the k temperature dependence and the ambiguous use of their vertical axis. Ockman's data and possibly Reding's data were not corrected for reflection losses at the interface. Discrepancies between KLC data and Warren's compilation are observed mainly near 1.50, 1.85, and 2.5 jim. The largest discrepancy occurs near 1.85 jim, at the minimum of the k spectrum. Reding's data used here were smoothed out by Warren to correct for the k temperature dependence. Our results have an uncertainty of 13% at the minimum because of the corresponding high transmission (79%) at the considered wavelength. New measurements with thicker ice samples will be required if we are to increase accuracy in this region and to extend the measurements toward shorter wavelengths.
